Footnote 58
Abbreviations: MEM (Moran's Eigenvector Maps: an eigenfunction spatial analysis 59 procedure which is a generalization of Principal Coordinates of Neighbor Matrices, 60 PCNM); RBU (River Basin Units) 61 62 of community characteristics, and their potential future response to environmental 101 change (Borcard et al., 2004) , but has only rarely been carried out previously in river 102 research (e.g., Poff, 1997) . 103
Rivers are hierarchically structured, from source to mouth, meaning that spatio-104 temporal variation in the species richness and composition of the macrophyte 105 communities which they support is influenced by a combination of local in-stream 106 variables, regional environmental factors, and catchment characteristics. Only a few 107 studies have so far attempted to assess the relationships between environmental 108 factors and richness of aquatic macrophyte assemblages on a large spatial scale (e.g., (2011) also provide a succinct description of the primary characteristics of MEM and its 148
outputs. 149
In this study we examined the hypothesis that sources of variation in 150 macrophyte species richness (alpha-diversity) and community composition, attributable 151 to spatial, environmental, and spatially-structured environmental variables, may differ in 152 importance between tropical and temperate calcareous rivers. 153 154
Methods

Data collection 156
The analysis used data for 1151 sites located on hard-water rivers and smaller 157 streams in the British Isles, supporting a total of 106 macrophyte species, together with 158 a further 203 sites from Zambian calcareous rivers, supporting 255 macrophyte species. 159
Vegetation species richness (S: number of species recorded per site) and community 160 composition (presence/absence data across sites) were assessed per 100 m stretch at 161 each site. 162
The data were obtained: The taxonomic resolution for the data used here was 85% to species level and 176 the remaining 15% to genus level, across the different surveys contributing to the 177
dataset. 178
Alkalinity (ALK: mg CaCO 3 L -1 ) was measured by standard Gran titration 179 procedure for water samples taken from each site (Neal, 2001 ). The MTR data set 180 includes information on water alkalinity for the 1051 sites taken from this database. These data were acquired either using GPS equipment in the field, or from large-scale 194 patterns in biodiversity data were modelled using simple trend-surface analysis (TSA; 224 i.e., a multiple regression analysis allowing for latitude and longitude of the sampling 225 sites or for polynomial expansion of these coordinates: Borcard and Legendre, 2002) . 226
The problem with TSA is that it is suitable to model only simple spatial patterns (e.g., 227
trends and parabolas) and, therefore, more complex patterns of spatial variation, so 
Results
The findings provide evidence for the existence of spatial patterns in both 267 macrophyte alpha-diversity and community composition in temperate and tropical 268 calcareous rivers. There were substantial differences in mean values of alpha-diversity 269 (S) between the British Isles (3.1 species per sample) and Zambia (8.3 species per 270 sample), and also between RBUs within the British Isles (Table 1) . 271 272
British Isles 273
Regional/ large scale species richness 274
Gamma-diversity for macrophyte species recorded from the sampling sites in 275 temperate calcareous rivers of the British Isles comprised 58 emergent, 14 floating, and 276 34 submerged species, giving a total of 106 species. The mean alpha-diversity for 277 macrophytes at sample sites for the British Isles as a whole was 3.1 species per sample 278 (Table 1) . Distribution of hard-water river macrophyte diversity across the British Isles is 279 shown in Fig. 1 . Only 2.1% of the variation in diversity was accounted for by pure 280 environmental effects (e.g. alkalinity, temperature seasonality: see Fig. 2 ). Variation in 281 macrophyte species richness was best explained by spatially-structured environmental 282 factors (11.4%), and pure spatial variables (8.8%). These acted primarily at three spatial 283 scales: broad, intermediate and fine, represented by MEMs 4, 20, and 100 (together 284 with a number of MEMs of lesser importance, within these three scale ranges: see 285 Table 1 and Fig. 3) . 286 287
Regional/ large scale: community composition 288
Variation in macrophyte community composition was best explained by pure 289 spatial variables (MEMs), but the variation accounted for was low (5.4%; Table 2) . 290
Spatially-structured environmental factors accounted for a further 3.9% of variation, 291 while pure environmental factors (e.g. annual precipitation, minimum temperature of 292 coldest month, precipitation of warmest quarter: see Fig. 2 ) taken together accounted
Medium (River Basin Unit) scale: species richness 296
There were substantial differences ( In contrast to the results for medium-scale richness within the British Isles, 312 macrophyte community composition variation at medium scale (Table 2) 
was partially 313
explained by all three sets of variables (spatial, environmental and spatially-structured 314 environmental variation) within individual RBUs, but the relative importance of each 315 differed between RBUs. In Scotland and Northern England, variation in community 316 composition was best explained by spatially-structured environmental variables (6.9% 317 and 4.5% respectively). However in South East England, and South West England and 318
Wales, spatial variables were of primary importance in this respect (accounting for 7.1% 319 and 4.2% of variation, respectively. In both Northern and Southern Ireland spatial 320 variables were of sole importance in explaining variation in community composition. Inand minimum temperature of coldest month) was always of little or no importance 323 (accounting for zero to 2.8% of variation). In all RBUs with significant spatial patterns, 324 the order of influential MEMs was low to intermediate (e.g., for Scotland: MEMs 3, 1, 4, 325 28: see Table 2 ), suggesting that spatial patterns of variation in macrophyte community 326 composition are operating mainly at broad scales. 327 328
Zambia 329
Regional/ large scale: species richness 330
The total number of macrophyte species recorded from the Zambian sites 331 
Regional/ large scale: community composition 340
In contrast to the results for species richness, spatial, environmental and 341 spatially-structured environmental variables all influenced the variation in macrophyte 342 community composition observed in Zambian hard-water rivers ( Table 2 ). The spatially-343 structured environmental component was of greatest importance, explaining 4.6% of the 344 variation. The pure spatial component (with MEMs representing broad-scale spatial 345 patterns) accounted for a further 3.8%, and pure environmental variables explained a 346 further 2.7% of the variation, with both being statistically significant. Environmental 347 variables that best explained the variation observed in macrophyte community 348 composition were annual precipitation, precipitation seasonality, evapotranspiration,altitude and alkalinity. Fig. 5 shows the distribution of three of these variables across 350
Zambia
temperature seasonality, maximum temperature of warmest quarter, minimum 360 temperature of coldest quarter, and mean temperature of wettest quarter) and spatially-361 structured environmental factors, whilst spatial factors operated across a wide range of 362 scales from broad to finer-scale patterns. It is noteworthy that, in both cases, the 363 inclusion of spatial factors in the analysis helped explain a significant proportion of the 364 observed variation for species richness in calcareous river vegetation, demonstrating 365 the importance of spatial processes (e.g., unmeasured environmental variables, 366 dispersal) when analysing large-scale species diversity distributional patterns (see 367
Legendre et al., 2009). 368
In terms of community composition, differences between the tropical and 369 temperate outcomes are less marked than for the richness outcomes, with all three 370 components (spatial, environmental and spatially-structured environmental) contributing 371 to explain community variation, and a comparable total proportion of variation (ca. 10 -372 11%) being accounted for in both target regions. Within this total proportion of variation 373 explained there were minor differences in the importance of each component between 374 the two regions, with spatial factors being of greater importance in the temperate rivers 375 of the British Isles, and the spatially-structured environmental component being mostimportant in tropical Zambian rivers. In both cases spatial patterns operating mainly at 377 broad scales were suggested by the order of MEMs retained as of primary importance 378 in the final models (Table 2) . 379
Of the three environmental variables most strongly contributing to the outcomes 380 for variation in regional community composition, annual precipitation was of primary 381 importance in both Zambia and the British Isles. In both cases a further precipitation 382 variable (precipitation of wettest quarter in the British Isles; precipitation seasonality in 383 Zambia) was second in importance. However the third strongest variable was quite 384 different between the target regions, being minimum temperature of coldest month in 385 the British Isles, and annual evapotranspiration in Zambia. This may reflect the 386 importance of cold winter temperatures in potentially stressing vegetation in temperate 387 rivers, and the probable importance of evapotranspiration in contributing to water loss 388 from aquatic systems in tropical rivers, again causing potential stress to river plants as 389 their habitat dries out during the dry season. 390
The overall proportions of variation explained by the analysis of regional-scale 391 species richness and community composition are undoubtedly low (see Tables 1 and  392 2). However, these outcomes are of comparable magnitude to those recorded from Overall, variation in calcareous river macrophyte community composition at 455 regional scale in the British Isles, and at catchment scale in Great Britain (but not in 456
Irish RBUs) was generally quite strongly attributable to spatially-structured 457 environmental variables, though different variables were of greater or lesser importance 458 within individual RBUs. Precipitation of coldest quarter was one such variable that was 459 retained in the final model for every one of the RBUs in Great Britain.
Species richness variation was attributed to spatially-structured environmental 461 variables at regional level, and this clearly mirrored well-documented climatic gradients 462 which influence rivers in the British Isles and in Zambia. For instance hard-water river 463 macrophyte species richness generally increased along a north-west to south-east 464 gradient in the British Isles and in the opposite direction across Zambia (Figs. 1, 3) . 465
Several environmental variables such as temperature seasonality, and maximum 466 temperature of warmest quarter vary spatially along a similar gradient in the British Isles 467 (Fig. 2) , while in Zambia precipitation seasonality and annual evapotranspiration show a 468 clear south-west to north-east spatial gradient, mirroring the richness gradient (Fig. 5) . 469
In this study we made no attempt to identify what the actual factors were, acting at 470 different spatial scales upon river vegetation, which influenced the richness and 471 community composition outcomes for spatial variation. Our results simply show that one 472 or more such spatial factors, associated with each relevant MEM filter (as listed in 473   Tables 1 and 2 ), differentially influenced variation in alpha-diversity and/or community 474 composition of the macrophyte assemblages present at river sites in different parts of 475 the British Isles and Zambia. A considerable amount of further work is needed to tease 476 out what exactly is responsible for these observed results, but the observed outcomes 477 are highly likely to be due to spatial structure (as indicated by MEMs). 478 479
Conclusions 480
Our results suggest that the sources of variation in macrophyte species richness 481 and community composition in hard-water rivers, are, at least in part, spatially 482 organized; implying the presence of spatial structure, termed induced spatial 483 dependence (Peres Neto and Legendre, 2010), i.e. non-random organization across 484 space of either species distribution or environmental processes, or both. Returning to 485 our original hypothesis it is apparent that the variation in both richness and community 486 composition attributable to spatial, environmental, and spatially-structuredtropical and temperate calcareous rivers. We suggest that variation in both species 489 richness and community composition for hard-water river macrophytes can (to a small 490 but significant degree) be partially explained by the interaction of environmental and 491 spatial processes (usually, but not always, operating primarily at broad scales) in both 492 temperate and tropical systems. However, the detail of the driving processes (for both 493 alpha-diversity and community composition) differed between tropical and temperate 494
rivers. 495
The principal question arising from the outcomes of this study is whether the 496 observed spatial variation is really mirroring differences in actual spatially-varying 
